Ferroalloy furnace technologies have developed over the years through tried and tested experience. With the technology available today, it is near-sighted to believe that experience will be enough to stay ahead into the future. The companies that control the ferroalloy industry in the future will be those that are able to absorb the most knowledge and draw insights from it to develop better processes.
chromite is assumed to be equivalent amounts of FeO and Cr 2 O 3 , the enthalpy of formation is only -1393 kJ/mol -a difference of 77.4 kWh/t chromite. These results show that handling ore mineralogy incorrectly has the potential to affect the calculation of the furnace energy requirement. Ex Mente performs numerous furnace mass and energy balance investigations, so it is valuable to us to have insight into the effect of ore mineralogy so that we can make our calculations as accurate as possible. This paper therefore aims to answer the question: To what extent does ore mineralogy influence the furnace mass and energy balance?
One approach to answer these questions would be direct measurement of the energy required to melt an ore sample, and the reductant required to achieve a specific recovery. Instrumentation for this kind of work is extremely sensitive and it is time-consuming and expensive to obtain accurate results. It was therefore decided to use straightforward ICP-OES and XRD results, and reconcile them as far as possible, and calculate the reductant and energy requirements using Factsage (Bale et al. 2009 ) equilibrium calculations. Each of these methods is described in this section.
Services to ensure homogeneity between the samples used for chemical and mineralogical analysis. Since the samples are grab samples they are not necessarily representative of the orebodies.
All samples were dried, and their moisture content determined to ensure that assay results are reported on a dry basis. For determination of elemental composition, samples were first subjected to sodium peroxide (Na 2 O 2 ) fusion, followed by dilute hydrochloric acid dissolution. The solutions were then analysed by inductively coupled plasma optical emission spectroscopy (ICP-OES). ICP-OES involves nebulizing a sample of the solution and injecting it into a plasma. The various elements are identified and quantified through their unique optical emission spectra. ICP-OES was used for the analysis of both major and minor elements.
In addition to the elemental analysis, the oxidation states of iron (Fe 2+ /Fe 3+ ratio) were determined by selective dissolution of Fe 3+ with hydrochloric acid, while assuming that Fe 2+ in the chromite will not dissolve. The solution was then analysed by ICP-OES to determine the Fe 3+ concentration. This procedure is proposed here as a new method for determining the Fe 2+ /Fe 3+ ratio of chromite ores. This property is typically difficult or impossible to measure by other methods.
In the LECO analysis, carbon and sulphur contents were determined by using a high-frequency combustion instrument with infrared detection. Hydrogen and nitrogen contents were determined using a H/N elemental analyser.
To complete the chemical analysis, the loss on ignition (LOI) was determined. This was done by determining the mass change of a sample while heating it to a temperature of 1000°C for 2 hours, in air. The heating process releases crystal water, water from hydroxide compounds, CO 2 from carbonates, and SO 2 from sulphates. The analysis therefore aims to determine the content of such volatile matter in the sample. LOI tests in an oxidizing atmosphere can return a negative result, indicating a gain on ignition. This can be the result of, for example, FeCr 2 O 4 being oxidized to Fe 2 O 3 + Cr 2 O 4 .
The ore mineralogical composition was determined by X-ray powder diffraction (XRD) (Loubser and Verryn, 2008) . XRD identifies and quantifies the phases in a sample from their unique powder diffraction patterns. This technique uses the crystalline structure of the different minerals and is therefore able to distinguish between spinels such as FeCr 2 O 4 and MgAl 2 O 4 and other oxide phases.
The goal of the reconciliation was to convert the chemical and mineralogical assays to calculated mineralogical assays that reflect the same chemical composition as the chemical analysis results, while remaining as close as possible to the measured mineralogical composition. This was done by manually assigning elements to known minerals and equilibrating the remainder of the assay to calculate an approximated chemical composition of multi-component minerals such as spinels.
Calculating thermochemical equilibrium is an important part of the reconciliation procedure. FactSage (Bale et al., 2009) contains data based on thousands of experiments and uses rigorous optimization routines to determine the equilibrium state of elements in hundreds of phase structures. The equilibrium state is the state of the lowest Gibbs free energy and therefore the most likely condition that will be reached, given enough time.
Ores are unlikely to be at thermodynamic equilibrium due to the numerous processes that led to their formation and the weathering that changed their structures over the years. It is therefore necessary to manipulate the equilibrium calculations to achieve a representative assay.
FactSage takes account of solid solutions such as spinels and pyroxenes that consist of various constituents. The calculations incorporate the heats of mixing of these various phases, which is more accurate than assuming that FeCr 2 O 3 and MgCr 2 O 3 are two separate spinels, when in fact they are together in solution.
A simplified mass and energy balance was calculated for each of the ores. Several assumptions were made to simplify the calculations:
1. Pure graphite (C) was used as the reductant to remove the effect of ash and volatile matter from actual reductants. 2. No flux was added to any of the calculations. Fluxing design is critical to ensure effective furnace operation, but flux adds complications that might obscure the ore effects that are the focus here. 3. The reagents (ore and graphite) were equilibrated at 1700°C. This temperature was used throughout this study to allow for comparison on the same basis. 4. A chrome recovery to alloy of 95% was selected for the furnace and the graphite was adjusted to achieve this recovery for each case. They also tend to have less Al 2 O 3 and higher MgO than South African ores. The South African ores exhibited a gain on ignition; this is likely due to iron being oxidized during the test. The assays all summed to less than 100%, which is typical for chemical analysis results. The Zimbabwean ores were slightly wet, whereas the South African ores contained no moisture. All calculations in this work were done on a dry-ore basis to standardize the calculations. The H and C results from the LECO analyses were converted to H 2 O and CO 2 respectively. No H was detected in the South African samples, but the LECO is designed for analysing coals, so it is not optimized for detecting small amounts of H. Table III shows two sets of XRD results for the LG6 A and LG6 B samples, and Table IV shows the results for the remaining ores. Three different spinel phases were detected by XRD; they are named chromite, chromite1, and magnesiochromite by the XRD software.
Chrome ore mineralogy and the furnace mass and energy balance 639 VOLUME 118 The LG6 chemical analysis results showed very little CaO in the ore, and no Na. Therefore, it unlikely that the ore contains as much plagioclase as suggested by the preliminary XRD results in Table III . Plagioclase and enstatite peaks can, however, overlap in the diffractogram. The XRD results were therefore updated to favour enstatite, which is much more likely given the chemical composition of the sample. This illustrates the importance of critically analysing any laboratory results, and of providing the mineralogist with a chemical assay to assist in interpreting XRD results. Chromites of different compositions were detected and the simplified chemical formulae shown in the table do not necessarily reflect the actual composition.
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The XRD results show that the LG6 ores contain chlorite and vermiculite. These are both hydrated minerals, but the chemical composition results show that the hydrogen contents of the ores are below the 0.05% detection limit of the LECO. For this reason, the ores were assumed to contain 0.05% water.
The mineralogical reconciliation was performed to convert the chemical analysis into a calculated mineralogical assay as close as possible to the measured mineralogical composition. The mass and energy balance was then compared using the measured chemical assay and the calculated mineralogical assay. In the reconciliation, the chemical assays were used as the primary source of information, since chemical analyses are fully quantitative and more accurate than XRD analysis. The chemical analysis results were therefore used as the basis, with the XRD results as a guide.
The following steps were used to produce a calculated mineralogical assay from the measured chemical and mineralogical assays.
1. The trace elements were removed from the chemical assay to simplify the thermochemical equilibrium calculations. The assay was normalized by proportionally increasing the gangue elements in their oxide forms (SiO 2 , CaO, MgO, and Al 2 O 3 ) so that the final assay summed to 100%. This allows for trace elements to be substituted by gangue minerals, rather than normalizing the entire assay, which would increase the amounts of iron and chromium above their measured values, causing an over-estimation of chrome production. 2. The carbon from the LECO analyses was used to form dolomite, and the required amounts of CaO and MgO were removed from the chemical assay. The amount of dolomite calculated for the MG ores is below the typical XRD detection limit, which is why it was not identified by XRD. Dolomite is the most likely carboncontaining phase, therefore it was assumed that all the carbon is present in dolomite. 3. The remaining CaO was used to form plagioclase. 4. It was assumed that the ores contain 0.05% water.
The LECO test is unable to detect water below this limit. This assumption was made because the XRD results suggest that there are hydrated minerals in the ores. This water was used to make chlorite. 5. The remainder of the assay was equilibrated at 25°C to approximate the spinel and orthopyroxene phases. The equilibrium phases allowed in the calculation were restricted to produce the desired result: The results are shown in Table V .
The reconciliation for the Zimbabwean ores was similar, but with some changes to reflect the different mineralogical and chemical assay results:
1. The gangue portion of the assay was normalized to account for the mass of the trace elements. 2. The LECO results suggest that there is a small amount of carbon in the ore. The most likely source of this is dolomite. No dolomite was detected by XRD, but it is likely that it is below the detection limit. The carbon was therefore allocated to the dolomite phase. 3. For ZIM A and ZIM B, the XRD results suggest that there is more Fe 3+ (in haematite and goethite), than the chemical results allow for. All the Fe 3+ was set aside for these phases, and divided between goethite and haematite in the ratios suggested by the XRD results. For the ZIM C ore, the haematite and goethite are less than the amount of Fe 3+ . The Fe 3+ required to make up the amounts of goethite and haematite from the XRD results was set aside and the remainder of the Fe 3+ was allocated to the spinel phase. 4. Some of the water was already allocated to the goethite phase, as indicated above. The remaining water, from the chemical results, was allocated to the lizardite and chlorite phases in the ratio between the phases suggested by the XRD results. 5. The spinels were generated by equilibrating the remaining elements in oxide form at 25°C.
The results for the Zimbabwean ores are shown in Table VI .
The Marico and Khazakstan ores are similar in that they both have an extremely high content of a single spinel phase. These samples were received at a later stage in the investigation, so there was insufficient time to perform as meticulous a reconciliation as was done for the other ores. Nevertheless, the results are included here for interest's sake. Similar steps were taken to reconcile the mineralogies of these ores.
1. The gangue portion of the assay was normalized to account for the mass of the trace elements. 2. The chemical assay was then equilibrated with restricted phases: a. One spinel phase was allowed. b. Each of the simple oxides for the available elements was allowed to form to ensure that the mass balance could be calculated. c. For the Marico ore, clinopyroxene (diopside) was allowed, and for the Khazakstan ore lizardite was allowed. 3. The elements that did not fit into the spinel or accompanying phases were left as pure substances, as shown in Table VII .
The results for the Marico and Khazakstan ores are shown in Table VII.   Table VIII show the mass and energy balance results for three cases for each of the ores:
1. Assay as given by chemical analysis, with all Fe as FeO. 2. Assay as given by chemical analysis, with forms of iron as determined by analytical work. 3. Mineralogical assay calculated through reconciliation.
The differences in the mass balance depend solely on the oxidation state of the iron in the ore. A new method is proposed to measure the Fe 2+ /Fe 3+ ratio of chrome ore, but
Chrome ore mineralogy and the furnace mass and energy balance VOLUME 118 Chrome ore mineralogy and the furnace mass and energy balance this method requires validation against standard samples to ensure its effectiveness. The Fe 2+ /Fe 3+ ratio directly affects the mass balance because if the iron is more oxidized, more reductant is required to reduce it. There are two reasons to believe that the methods of iron analysis may be underestimating the Fe 3+ content:
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1. The XRD results, particularly for the Zimbabwean ores, suggest much higher haematite and goethite than the measured Fe 3+ content accounts for. 2. All the equilibrium calculations had 'left-over' FeO that did not 'fit' in the spinel phases. This is obviously an unrealistic result, and is another possible indication that more of the iron might be present as Fe 3+ . Preliminary calculations using the Zimbabwean ores, which were based more strongly on the XRD results, suggested a much higher Fe 3+ content because of the haematite and goethite measured by XRD. This resulted in carbon requirements as much as 15% higher than calculated when assuming all iron is present as FeO. This result correlates with industrial experience of higher reductant requirements for Zimbabwean furnaces than South African ones. The reductant requirement results are therefore inconclusive until the ore Fe 2+ /Fe 3+ ratio can be confirmed.
The difference in iron oxidation states does not have as significant an impact on the energy balance as the difference indicated by the approximated mineralogical assay. This shows that using phases such as spinels to represent the ore has a more significant effect on the energy balance than knowing the Fe 2+ /Fe 3+ ratio.
The difference in the energy balance when using a chemical assay and the approximated mineralogical assays developed in this work is in the order of 5%. This means that, provided the calculated mineralogical assay is a more accurate representation of the ore, then using a chemical assay for energy balance calculations results in the smelting energy requirement being underestimated by approximately 5%. In practice, this 5% is being consumed in the furnace, but it is most likely accounted as heat losses rather than due to the theoretical smelting energy requirement of the ore.
Any discussion on the differences between the ores analysed in this paper is limited, because the samples used are not necessarily representative of the various orebodies. In addition, different fluxes would be required for the different ores and these have not been considered. It is, however, interesting to draw some preliminary conclusions.
The South African ores tend to have lower smelting energy requirements than the Zimbabwean ores. LG6 A ore has the lowest energy requirement and highest yield of alloy per ton of ore. ZIM B has the lowest energy requirement and highest yield of alloy per ton ore of the Zimbabwean ores.
The amount of reductant required has been shown to be L 642 VOLUME 118 It is recommended that the method be validated using standard samples of known iron oxidation state to improve its accuracy, and that it be routinely used when analysing ore samples for mass and energy balances.
The energy balance results suggest that the calculated energy requirement is approximately 5% higher when using the approximated mineralogical assays compared to chemical assays. These results are by no means conclusive, because they are also based upon several assumptions, but they have shown that using a mineralogical composition makes a difference in the energy balance. These results should be verified using analytical techniques for measuring the actual energy requirement directly. With today's strong focus on maximizing energy efficiency, it is critical to obtain as good an understanding of the furnace energy balance as possible. Understanding ore mineralogy is an important part of this. One option for improving this understanding is to smelt ore samples under controlled conditions, measure the actual energy requirement, and compare that to these approximated results. Another is to measure the heat of formation of the ore directly. The feasibility of both these options is speculative at this stage.
These results may not be so critical to operating plants that have long since made accommodations for their energy balances, but they are worthwhile for designers of future furnaces to understand. The analyses performed in this work are not expensive, and the method proposed here can be used to reconcile the analyses and produce more accurate assays for mass and energy balances.
Finally, to answer the initial question: ore mineralogy does influence both mass and energy balance calculations for ferrochrome smelting furnaces. The extent of this influence depends on the specific ore, but it has been shown that both reductant and energy requirement calculations are impacted. Reductant requirement differences are small enough to be within the band of uncertainty due to variations in raw material composition, and sampling and analytical error. Smelting energy requirement differences appear to be more significant, and these could prove to be important when switching between different raw materials, or when doing feasibility and design calculations for new plants. 
